Only 3 of more than 500 soil enrichments contained organisms able to use 1,9-dichlorononane as a sole carbon source. One isolate, a strain of Pseudomonas, grew on the compound and released much of the halogen as chloride. Resting cells dehalogenated 1,9-dichlorononane aerobically but not anaerobically. Pseudomonas sp. grew on and resting cells dehalogenated 1,6-dichlorohexane, 1,5-dichloroheptane, 2-bromoheptanoate, and 1-chloro-, 1-bromo-, and 1-iodoheptane, but the bacterium cometabolized but did not grow on 3-chloropropionate. pMethylbenzyl alcohol, chloride, and p-methylbenzoate were formed when resting cells were incubated with a-chloro-p-xylene; the first two products were also formed in the absence of the bacteria. Similarly, o-and m-methylbenzyl alcohols were generated from the corresponding chlorinated xylenes in the presence or absence of Pseudomonas sp. The formation of m-and p-chlorobenzoic acid from m-and p-chlorobenzyl chloride proceeded only in the presence of the cells, but pchlorobenzyl alcohol was generated from p-chlorobenzyl chloride even in the absence of the bacterium. These results are discussed in terms of possible mechanisms of dehalogenation.
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Low-molecular-weight petroleum hydrocarbons are used on a large scale for the synthesis of organic chemicals. Once certain substituents are added to the original hydrocarbons, which are characteristically susceptible to microbial attack, the organic molecules frequently become resistant to biodegradation. Sometimes large quantities are discharged into waters and soils, and occasionally deleterious effects arise because of the resistance of these compounds to appreciable enzymatic modification. Although there are many such chemicals, few generalizations exist to explain why these molecules are not subject to rapid degradation or are not attacked at all.
Several studies have been concerned with the metabolism of water-soluble a-and ,B-halogenated fatty acids, and information exists on some of the microorganisms involved and the mechanism of enzymatic cleavage of the carbon-halogen bonds (2, 5, 7) . A few investigators have focused attention on halogenated aromatic compounds, but the interest in these instances was directed largely to products and pathways of decomposition (6, 8, 11 Because of the lack of information on whether a single enzyme may act on a natural product and a structurally similar but synthetic chemical, a study was undertaken to establish the mechanisms of removal of substituents that might affect biodegradation. For this purpose, halogenated compounds were used because such chemicals are widely used, some are generated as water is chlorinated to destroy pathogens, and a few are known to be environmentally objectionable.
MATERIALS AND METHODS Isolation and growth. Bacteria capable of utilizing 1,9-dichlorononane and 1-chlorooctane as their carbon source were obtained from soil by enrichment culture with 1,9-dichlorononane as the organic substrate. The 1,9-dichlorononane-utilizing isolate was grown in a medium containing 2.0 g of 1,9-dichlorononane or 30 g of glycerol, 1.5 g of KH2PO4, 1.5 g of Na2HPO4, 4 .0 g of NH4NO3, 10 Chemical analysis. After the cells were removed from the reaction mixtures, the supernatant fluids were extracted with equal volumes of ether. The ether phases were dried over Na2SO4 and evaporated in vacuo. The crude crystals were recrystallized from ether-ethanol, and the resulting crystals were subjected to mass spectrometry, gas chromatographymass spectrometry, and infrared analysis. Combined gas chromatography-mass spectrometry was performed with a quadrupole mass spectrometer (Finnigan Instruments Corp., Sunnyvale, Calif., model 3300) coupled to a gas chromatograph (Finnigan model 9500). The operating temperature of the gas chromatograph was either 100 or 1400C for the column. A stainless-steel column (180 cm by 3 mm) was packed with 5% SE30 on 80/100 Chromosorb 6W (H.P.). The carrier gas, N2, was passed through the column at a flow rate of 40 ml/min.
Chloride release was determined by the technique of Bergmann and Sanik (1).
Chemicals. n-Undecane, 1,9-dichlorononane, 1,9-dibromononane, 1,6-dichlorohexane, 1,5-dichloropentane, 1-chlorooctane, and halogenated heptanes, xylenes, and benzyl chlorides were obtained from Aldrich Chemical Co., Milwaukee, Wis.; 3-chloropropionic acid, 6-bromohexanoic acid, iodoacetic acid, 3-iodopropionic acid, and chloroacetic acid were provided by Eastman Organic Chemicals, Rochester, N.Y.; and 2-bromohexanoic acid and 7-bromoheptanoic acid were from K & K Laboratories, Plainveiw, N.Y.
RESULTS
More than 500 enrichment cultures were established to obtain isolates able to grow on 1,9-dichlorononane and 1-chlorooctane, but only three bacteria were obtained. Two of these could grow on 1,9-dichlorononane, and one used 1-chlorooctane as a sole carbon source. One of the 1,9-dichlorononane-utilizing organisms was studied further. This soil bacterium was identified as a strain of Pseudomonas on the basis of its morphological and biochemical characteristics. It is a short, gram-negative, motile rod with two polar flagella. The organism hydrolyzed gelatin and gave positive reactions for catalase and cytochrome oxidase. Indole production, the methyl red test, and nitrate reduction were negative. H2S was not produced on triple sugar iron agar. Acids were formed from glucose and sucrose but not from lactose. During glucose fermentation, gas was not produced. The bacterium grew rapidly in media containing 1,9-dichlorononane or glycerol as the carbon source.
The dehalogenating activity of Pseudomonas sp. during its growth on 1,9-dichlorononane was investigated, using a culture grown in a 2,000-ml flask containing 500 ml of medium. As shown in Fig. 1 (Table 2) . Also, the w-substituted fatty acids were readily dehalogenated. It is ofinterest that the extent of microbial cleavage of the halogen substituents in 24 h is not correlated with the carbon-halogen bond energy (9) . The products formed in the presence of the resting cells of Pseudomonas sp. were investigated with mass spectrometry, gas chromatography-mass spectrometry, and infrared analysis.
The cells were grown on glycerol, and the resting cells were incubated for 48 h with 30 mg of each substrate. Under these conditions, a-chloro-pxylene was found to be converted to p-methylbenzyl alcohol, the identity of which was determined by infrared spectrometry and combined gas chromatography-mass spectrometry. The infrared spectrum of the product showed absorption at 3,400 and 800 cm-'. identical peaks were found with authentic mmethylbenzyl alcohol. The mass spectrum of the product from a-chloro-o-xylene showed a molecular ion peak at m/e 122 and prominent fragmentation peaks at m/e 104, 93, 81, 79, and 77; these peaks were identical to those published for authentic o-methylbenzyl alcohol (10) .
In addition, p-chlorobenzyl chloride was converted top-chlorobenzyl alcohol, the latter being identified by combined gas chromatographymass spectrometry. The mass spectrum exhibited a molecular ion peak at m/e 142 and intensive fragmentation peaks at m/e 107, 79, and 77. The p-chlorobenzoic acid formed from p-chlorobenzyl chloride was identified by infrared analysis and gas chromatography-mass spectrometry. The mass spectrum ofthe product showed a molecular ion peak at m/e 156 and prominent fragmentation peaks at 141, 139, 104, and 101. The infrared spectrum and gas chromatographic and mass spectral characteristics of this compound were identical to those of authentic p-chlorobenzoic acid (10) .
Finally, mass spectrometry and infrared spectrometry showed that m-chlorobenzoic acid was generated from m-chlorobenzyl chloride. The infrared spectrum of the product from m-chlorobenzyl chloride was identical to that of authentic m-chlorobenzoic acid, and the mass spectrum showed a molecular ion peak at m/e 156 and fragmentation peaks at m/e 141, 139, 103, and 101, in agreement with published data for this compound (10) .
p-Methylbenzyl alcohol, m-methylbenzyl alcohol, o-methylbenzyl alcohol, andp-chlorobenzyl alcohol, which were formed from a-chloro-pxylene, a-chloro-m-xylene, a-chloro-o-xylene, and p-chlorobenzyl chloride, respectively, were also generated nonenzymatically, i.e., in controls incubated under the same conditions but without resting cells. Hence, it was not possible to determine whether these compounds were made by biological or nonenzymatic reactions. However, p-methylbenzoic acid, p-chlorobenzoic acid, and m-chlorobenzoic acid, which were produced from a-chloro-p-xylene, p-chlorobenzyl chloride, and m-chlorobenzyl chloride, respectively, were formed only in the presence of resting cells. These products and their precursors are shown in Fig. 3 .
Several other halogenated chemicals were found to be susceptible to spontaneous dehalogenation. In these tests, various compounds were incubated at 30°C in 250-ml flasks containing 30 mg of the organic compound in 50 ml of phosphate buffer. The data provide clear evidence of nonbiological dehalogenation of both aromatic and aliphatic molecules (Table 3) .
DISCUSSION
It has been reported that a-substituted aliphatic acids are generally more prone to dehalogenation than are,B-substituted compounds (5, 7) . Moreover, a strain of Paracoccus denitrificans was found to be specific for the dehalogenation of ,8-substituted fatty acids (2) . By contrast, the results of this investigation provide evidence that Pseudomonas sp. actively removed halide from w-halogenated alkanoic acids and alkanes having halogens on one or both terminal carbon atoms. The present report also shows a more broad substrate specificity for a dehalogenating isolate than has been previously reported (2, 5, 7 
Downloaded from
Most studies on microbial dehalogenation suggest that the reaction involves replacement of the halogen with a hydroxyl group (3, 4, 7) . However, the failure to get halide release from 1,9-dichlorononane by resting cells under anaerobiosis suggests that the dehalogenation is not the result of a simple hydrolytic dehalogenation.
The data show that the mono-and dihalogenated alkanes tested are chemically stable, but some halogenated fatty acids are chemically unstable. In addition, some aromatic hydrocarbons with chlorinated alkyl side chains are not too stable. Therefore, it is difficult to conclude whether the dehalogenation of these compounds is solely a chemical process or whether there is also a biological reaction. Nevertheless, at least part of the release of halide leading to the formation of p-methyl-, p-chloro-, and m-chlorobenzoic acids was the result of a nonenzymatic reaction.
Microbial and enzymatic removal of halide from the a-carbon of fatty acids has been described (1) . It was shown in this study, however, that a-halogenated fatty acids are easily dehalogenated without microbial intervention. The mechanisms of nonenzymatic dehalogenation of a-halogenated fatty acids are considered to proceed by the scheme shown in Fig. 4 .
It is plausible that the loss of halogen from certain compounds occurs spontaneously in natural environments. On the other hand, halogenated hydrocarbons may not be easily dehalogen- ated spontaneously, and the removal of the halogen, if it occurs, would require microbial intervention. The fact that some of these compounds are markedly persistent demonstrates that often neither a spontaneous nor a biological mechanism is rapid or even operative.
